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ELECTROCHEMICAL CELL SUITABLE FOR USE IN ELECTRONIC 

DEVICES 

The present invention relates to a novel electrochemical cell, which may be a 
5 battery or a superc^adtoi or both, and which is suitable foi use in portable and other 
electronic devices, and specifically to such a cell having at least the positive electiode 
jformed of a mesoporous material having a peiiodic atiangement of substantially 

uniformly sized pores of cross-section of the order of 10"^ to 10"^ m. 

It should be noted that the tesm ^'battery" is used herein in its common meaning 
10 of a device that conveits the chemical energy contained in its active con:q>onents 

dnectly into electrical roeigy by^means of a redpx_(o3d<fetiQn-i^ ceactipn... .The 

basic unit of abattery is an electrochraiical cell, which will conrprise at least apositive 
electrode, a negative electrode and an electrolyte, the whole contained within a casing. 
Other components, such as sepaxatois, may be included, as is well known in the art. A 
15 batteiy may consist of one or more such cells,. 

Many portable electtonic devices require power to be available as a steady flow 
at a relatively low level, interspersed with spikes or smges oi much lugher power drain. 
Most conventional batteries are unable to meet these requiremmts arid so iim^ 
supplemented widi a c^acitcxt or si^ercapacitcn', which stores power when it is not 

20 requir ed by the device and releases it when required. Examples of devices having this 
type of power requii emeat include notebook computers, mobile telephones, PDAs 
(personal digital assistants - i.e.. microcomputers), defibrillators and the like.. However, 
in such portable devices a high premium is put on portability, which is a function of 
both wdght and size.. Any additional equipment in the device inevitably adds to both of 

25 these, leridering the device less portable and so less desirable.. 

A consequent requirement of any electrochmrical cell which is to fimction in 
such a portable device is that it should have both hi^ pow^ and high CT^ergy densities.. 
In the past, it has ordy been possible to achieve one or the other of these at reasonable 
cost, and iu)t both. 
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We have now discovered that the technology of mesopoious films, disclosed^ foi 
example, in EP 993 512 at US 6,203,925, may be applied to the production of one or 
both electiodes of aa electrochemical cell, and that the r^ulting elecfiochemical cell, 
which may function as a battery, as a c^acitor or as both, can be designed to have both 
high power density and higji mesrgy density,. 

Thus, the present invention provides an electrochemical cell, which may, for 
exann5)le, be used in a portable electronic device, said cell having a positive electtode, a 
negative electrode and an electrolyte, characterised in that at least the positive electrode 
comprises a mesopotous stiucture having aperiodic arrangement of substantially 

unifbmily sized pores of 'cross-section of the order of 10'"^ to 10*^ m. 

The invention also provides a portable electtonic device contaimng such an 
dectiochemicalcell. 

The invention still further provides an automotive battery comprising a plurality 
of the electt ochemical cells of the pr esent invention. 

The electrochCTiical cell of the present invention maybe constructed to function 
as a battery^ as a supetcapacitor or as a combined battery/supeicapacitor. For example, 
a.si^etcapacitor' having mesoporous positive and negative electrodes operates via the 
mechanism of proton shuttling between a mesoporous positive electrode, e.g. of 
Ni(OH)2 , and a hydrogen absoibing mesoporous negative electrode, e.g of palladium;, 
as illustiated in the schematic of Figure 1 . The mechanism is similar to tiiat operating in 
Ni-MH batteries where the palladium is r^laced by anoth^ hydrogen absorbing 
material such as LaNfis- 

Examples of portable electromc devices which may include the electrochCTdcal 
cell of the pr esent invention include: portable computers, including the so-called 
notebook compxrtets, desktop replacement corrqauters, ultraportable computers etc,, (the 
present invention being of particular' value in the smaller vei^sions, such as the 
ultraportables); mobile tel^hones; cordless (landfine) telephones; PDAs; portable hard 
disk drives; music playeis of various sorts^ including CD players, cassette players, mini- 
disk players and oth^ digitally r ecor ded music play^s, including MP3 and lik^ 
soft^'are-based music players; x>ortable televisions; portable DVD players; portable 
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radios; hybrid devices (i.e. devices serving two or more previously separate functions). 



players etc.; and medical devices^ such as defibiillators. 

The electrochemical cells of the present invCTlion may also be used m 
automotive batteries. 

All of the above devices requiie a steady supply of powei at a relatively low 
level, inteispexsed with peiiodic demands for mncli bi^er power at essmtially random 
intervals.. They are, therefOTe especially suited for use wifli the electtochemical cells of 
flie present invention. The specifics oi the design and ccmstruction of these devices is 
well known and, beyond the incoiporation of ati electrochemical cell according to the 
present invention, does not fom a part of the present invention. 

At leiE^ ttie positive electrode, the cathode, of the electrochexnicai cell of the 
present invention is formed of a mesopoious material. The material is preferably a 
metal, a metal oxide, a metal hydroxide, a metal oxy-hydroxide or a combination of any 
two or more of these.. Exanq>le5 of such metals include: nickel; alloys of nickel, 
including alloys with a transition m^al, nickel/cobalt alloys and iron/nictel alloys; 
cobalt; platinum; palladium; and ruthenium. Examples of such oxides, hydroxides and 
oxy-hydioxides include: gold oxide; palladimn oxide; nickel oxide (NiO); nidcel 
hydroxide (Ni(OB[)2); nickel oxy hydroxide Ot^OOH); and ruthenium oxide. Of these, 
we most prefer nickel and its oxid» and hydroxides . 

As is well known in the field, certain of these rxiatOTals require "conditioning'* 
before use. This may be achieved by putting the cell tbrou^ several cycles of charging 
and discharging, as is conventional in the art A t^ical material requiring such 
coTKiilioning is nickel, which, as a result of the conditioning, will acquire a smface laj^ 
of an oxide. 

Th^e is no limitation on the nature of the material used to manufectur e the 
negative electrode, the anode, of the electrochemical cell of the present invention, and 
any material may be used having regard to the chemistry of the ceU which is to be made. 
Examples of suitable materials include: car bon; cadmium; iron; apaUadiumAiickel 
alloy; an iron/titanium alloy; palladium; or a mixed metal hydride, for example 



such as PDA/mobile telephones, telq>hone/music players, hard disk storage/music 
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LaNisHx . These materials are piefeiably porous, and moie prefeiably mesc^orous.. Of 
these, piefeied mat^als are carbon and palladima. Mesopoions palladium is, 
howevei , not the preferred negative electrode material for low cost qaplications, due to 
its high cost. 

5 Pre£bited combinations of anode and cathode are Nickel/Palladiuxo, 

Nickel/Carbon, Nickel/hon and Nxckel/Cadmimn, of which Mckel/Caibon is most 
prefeaied. Where reference is made to nickei, the oxides and hydroxides thereof are 
also included. 

In particular; we prefer that the mesoporous structure of the positive electrode 
10 comprises nickel and an oxide, hydroxide or oxy-hydroxide of nickel selected from 

NiO, Ni(OH)2 and NiOOH, said nickel oxide or hydroxide forming a smface layer over 
- saidnifas:^ md extending over at least the pca^ surfecas, and the negative electrode 
conq)iises nanopaxticulate carbon 

Thus, preferably the positive electrode and the negative electrode each comprise 
15 a mesoporous structure having a periodic anangement of substantially unifbrmly sized 
pores of cross-section of the ordra of 10"^ to 10* ^ m. The positive electrode, and the 
negative electrode if it also is mesoporous, consists of or consists substantially of the 
mesoporous structure or structures as defined. 

By "mesoporous structm e", '^mesoporous material'* and ''mesoporous film" as 
20 referred to herein are meant structures, materials and fihns, respectively, that have been 
fabricated via a liquid crystal templating process, and tiiat consequently are monolithic 
in nature, and contain a long range, regular arrangement of pores having a defined 
topology and a substantially uniform pore size (diameter) Accordingly, the 
mesoporous structures, materials and filTps may also be described as nanostructured or 
25 having nanoarchitecture 

Therefore, the mesoporous materials used in accordance with the invCTition are 
distinct ftom poorly crj^itallised matmals and fixmi composite with discrete nano - sized 
solid grains, e..g. conventionally denoted *nanomaferials' that are composed of 
aggregated nanoparticulates. 
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An advantage of using mesoporous matexials^ conq)ared wifh nanomaterials^ is 
diat electron txansport within the mesoporous material does not encount^ grain 



mesoporous materials used here provides a continuous and relatively straigiht, non- 
toitaous patii of flow with uniform diameter; encouraging the t^id and unhindered 
movement of electrolyte species. By contrast, conventional nanoparticulate systems 
have a disordered porosity with voids of varying cross section interconnected by 
narrower intervoid spaces , As such, substances moving within the pore structuie 
encounter a considerably tortuous path, inxpeding leaction rates. 



The mesoporous material is preferably in the form of a film of substantially 
constant thickness. Piefeiably, the mesoporous film fiiickness is in the range fiom 0.5 
lo 5"mi(Sbmeters. 

Preferably, the m^opoious material has a pore diameter within the range fiom 
about 1 to 10 nanometres, more preferably within the range J&om 2 0 to 8 .0 run. 

The mesoporous material may exhibit pore number densities in tihe range fiom 
IxlO^*' to 1x10^^ pores per cm^ preferably fiom 4x10^* to 3xlO" pores per cam^ and 
more preferably fiom 1x10^^ to IxlO" pores per cm^. 

The mesoporous material has pores of substantially uniform size. By 
''substantially uniform" is meant that at l^st 75%, for example 80% tq 95%, of pores 
have pore diameters to wifliin 30%, preferably witfiin 10%, and most preferably within 
5%, of average pore diameter . More preferably, at least 85%, foi example 90% to 95%, 
of pores have pore diameters to within 30%, preferably within 10%, and most 
preferably \^atiiin 5%, of average pore diameter .. 

The pores are pref^ably cylindrical in cross-section, and preferably are pr esent 
or' extend thxou^out the mesoporous mat^ial. 



boundary resistances, aSbrding superior electronic conductivity and r^oioving power 
losses associated wifh this phenomenon. Moreover, the ordered porosity of the 



The mesoporous structure has a periodic arrangement of pores having a defined, 
recognisable topology or* architecture, for example cubic, lamellar, oblique, centred 
rectangular, body- centred ortfaoxhombic, body-centred tetragonal, rhombohedral. 
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hexagonal. Pie&xably, fiie mesopoious stEuctnze has a periodic pore aixBngczneat that is 
h£ixagonal, m which the electrode is peiforated by a hexagonally oriented array of pores 
that are of xmifonn diameter' and continuous &x'ou^ the thickness of the electrode. 

In the prefrared case where the pore airangement is hexagonal, the arrangement 
5 of pores has a r^ular pore periodicity, conesponding to the cmtre-to-centie pore 

spacing, preferably in the range from 3 to 15 nm, more piefernbly in tiie range from 5 to 
9nm. 

Moreoveij the m^opordus structure having this regular periodicity and 
substantially uniform poie size shonld extend over' a ijoition of the electrode of the 

10 order of at least 10 times, preferably at least 100 times, the average pore size. 

Prefer ably, the electrode consists of or consists substantially of a structure or structures 

- - asdefrned:- . . . . 

It will be appreciated that these pore topologies are not restricted to ideal 
mathematical topologies, but may include distortions or o&er modifications of these 

15 topolopes, provided recognisaible architecture or topolo^cal order is present in the 
spatial airangemCTit of the pores in the film Thus, term "hexagonal" as used herein 
encompasses not only materials that exhibit mathematically perfect hexagonal 
symmetry within the limits of exp«imental measmement, but also those with 
significant observable deviations from ihz ideal state, provided that most channels are 

20 sunounded by an average of six nearest-neigjiboui charmels at substantially the same 

distance.. Similarly, the term "cubic" as used heiein enconq^asses not only materials that 
exhibit mathematicaUy pescfect syrrunetry belonging to cubic space groups wiflun the 
limits of exp©[imental measurement, but also those with significant observable 
deviations from the ideal state, pr ovided that most charmels are connected to between 

25 two and six other charmels.. 

Hie electrolyte in the cell is preferably an aqueous electrolyte, for exanrple an 
aqueous alkaline electrolyte such as aqueous potassium hydroxide. 



30 



In a preferred embodim^t, tte mesoporous structure of the positive electrode 
comprises nickel and an oxide, hydroxide or oxy-hydroxide of nickel selected from 
NiO, Ni(OH)2 and NiOOH, said nickel oxide, hydroxide or oxy-hydioxide forming a 
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surfece layer over said nickel and extending over at least flie pore surfaces, and the 
negative electr ode has a mesopoious structure of catbon or palladium. When filled with 
electrolyte, the positive electrode represents a three-phase con^Kisite composed of an 
interconnected Ni cuxrent collector base, coated with Ni(OH)2 active material which is 
5 in contact with the electrolyte. Advantageously, the hydrous structure of the 

mesopotous Ni positive electrode is retained such that both sur^e and bulk piocesses 
can contribute to tibe charge edacity of the electrode. Due to fiie nanoscale structure of 
the electrode, all thtee phases are in either in intimate contact or within about 1 - 2 run of 
each other and the overall sur&ce area of the 'phase boundaries' is extrmiely hi^. 
1 0 Hence, a hi^ energy density can be achieved, \\^ilst the snail proton, difgision distance 
enables the cell to exhibit very high power density. 

The mesopoTOUS mat^als used as the positive, and optionally the negative, 
elecfiiodes of the elecSbcB eimcal dsUs of the presCTit invontion iEu e prepared by a liquid 
crystal ternplating mefiK>d, and preferably axe deposited as films on a substrate by 
15 electrocheriiical deposition £rom a lyotropic Uqiiid ctystalline phase. They may also be 
prq>ared by electro-less dqwsition, such as by chemical reduction ftom a lyottopic 
liquid ciystalline phase . 

Suitable substrates includ e jgold^ copper, silver, aluminium, nickel, rhodium or 
cobalt, or an alloy containing any of these metals, or phosphorus.. The substrate may, if 
20 desired, be microporous, with pores of a size preferably in ttie range fiom 1 to 20 
micrometres. The substrate preferably has a tfaiclaiess in the range fiom 2 to SO 
micrometces. The substrate preferably is a substrate as above, other than gold, having a 
layer of gold formed on it by vapom dq)OsitiotL 

Suitable methods for depositing mesoporous materials as films onto a substrate 
25 by electrochemical deposition and chemical means are known in the art For example, 
suitable electrochemical deposition methods axe disclosed in EP-A-993,512; Nelson, et 
al.., ''Mesopor ous Nickel/Nickel Oxide Elect} odes for High Power Applications '\ T.. 
New Mat.. Blectrochem Systems, 5, 63 -65 (2002); Nelson, et al., "'Mesoporous 
Nickel/Nickel Oxide - a Nanoarchitectured Electrode'^ Ghent. MatCT., 2002, 14^ 524- 
30 529. Suitable chemical leduction methods are disclosed in US-A-6,203,925.. 

i 
i 
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Piefiaably, the mesopoioTis matedal is formed by electrochemical depositioii 
from a lyotropic liquid cz^talline phase. Aocoiding to a general method, a tempiBte is 
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fonned by self-assembly fiom certain long -chain surfactants and water into a desired 
liquid crystal phase, such as a hexagonal phase.. Suitable surfactants include 
octaethylene glycol monohexadecyl efhet (CieEOg), which has a long hydrophobic 
hydrocarbon tail attached to a hydrophilic oligoether head group. Others include the 
polydispeise suifectants Brij®56 (Ci^EOn where nr-10), Brij®78 (Ci6EO„ where n--20), 
and Plnronic 123, each available fiom Aldiidi. At hi^ (>30%) aqueous 
concentrations, and dependent on the concentration and temperature used, liie aqueous 
solution can be stabilised in a desired lyotropic liquid crystal phase, for example a 
hexagonal phase, consisting of separate hydrophilic and hydrophobic domains, with the 
aqueous solution being confined to the hydrophilic domain. Dissolved inorganic salts, 
for examg)lQ. .rdckel acetate, will also be confined to the hydrophilic dornain, and.may be 
electro-reduced at an electrode iirnneised in Ihe solution, to form a solid mesophase, for 
exanqsle of nickel metal, that is a direct cast of the aqueous domain phase structure. 
Subsequent removal of the surfactant, by washing in a suitable solvent, leaves a regular 
periodic array of poies in die electro-reduced solid, the arrangement of the pores being 
determined by the lyotropic liquid crystal phase selected. The topology, size, 
periodicity and other* pore characteristics may be varied by appropriate selection of the 
sinjGactant, solvent, metal salts, hydrophobic additives, concentrations, temperature, and 
deposition conditions, as is known in the art. 

As noted above, the mesopor ous material of which the mesoporous electrode is 
made is preferably formed by electrodeposition or chemical deposition on a substrate. 
Since the mesopoious material may lack adequate mechanical strength, it is preferably 
used as an electrode on a substrate, and, foi' convenience, this is pr eferably the same 
substrate as was used in its pxepaiation. 

The invention is fiuther illustrated by the following nourlimiting exaniples, with 
referrace to the Figures, in which: 
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Figure 1 represents a schematic drawing showing the flow of protons on charge 
and discharge to and fiom a Pd lattice into a NiOOH positive electrode proton sink; 
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Figure 2 shows a compaiison of the cycKc voltammetiy of a 1 mm diameter Hi 
Pd disc ( ) \rath that of a 200 >un Hi Ni disc ( •) in 6 M KOH at 2 0 mV s'^ ; 

Figure 3 shows the charge/discharge behaviour of a 200 lun Hi Ni disc based 
supetc^acitox by cycKc voltammetiy at 20 mV s*^ sepaxated by 1 cm in 6 M KOH; . 

Figme 4 shows the flow of charge &om the device veisus potential during the 20 
mV dischaig^ depicted in Figure 3; 

Figure 5 shows the potential step chaiging/dischargaig of a Hi Ni/Hi Pd 
supeic£^acitorin6MKOHcon]posedofa200 ]jun cm^HiPd 
electrode in 6 M KOH; 

Figure 6 shows a comgpaiison of the jSrst iuU cycle ( ) of a 1 cm^ Hi Ni/l 

"cm^Hi Pd sSpercapacifer inc^ a pcnous PtTE separa^r with ttie 1 5000* cycle 

( )at500mVs'; 

Figure 7 represents a schematic drawing of the Hi electrode stiuctuie showing a 
poi e ringed by oxidised active mateiiai Ni(OH)2 which is held in a matiix of a nickel 
current collector, and ftnthei showing the active material occupying 45 % of the 
electcode bulk area; 

Figure 8 shows a cyclic voltammogram of nanostructured nickel/nickel 
hydroxide electrode, as piepaied in Bxample 10; 

Figuie 9 shows a cyclic voltammogram of hi^ sui&ce aiea carbon electrode, as 
prepared in Exanq>le 10; 

Figure 10 shows a cyclic voltammogram of nickel- caibon supeicapacitor, as 
prepaied in Example 10; 

Figure 1 1 shows the potential-charge relationship of the cyclic voltammogram 
of nickel-caibon supercapacitor of Figure 10; and 



Figure 12 shows the potCTtial step of the nicl^l-caibon supexcapacitor of Figure 
1 0 (8 cm^ 93.7 mg) pulsed between 0Vandl..4Vin6M KOH at 25 °C; 
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Figuie 13 shows a cyclic voltanunogiam of a liquid ciystal teo^lated iion 
electrode between -0.3 V and -1.2 V v^. Hg/HgO in 6 M KOH at 20 mV s"^ and 25 ^C, 
as pr^aied in Example 11; 

Figure 14 shows the potential -charge lelationdup of the cyclic voltammogiani 
5 showninFigute 13; 

Figure 15 ahows a cyclic voltammogtam of mesoporous nickel versus liquid 
crystal templated iron in a two electrode set-up betweea 0 V and 1.4 V in 6 M KOH at 5 
mV s'^ and 25 X, as prepaid! in Example 11; and 

Figuie 16 shows tiie potential-charge relationship of llie cyclic voltanomogram 
10 shown in Figure 15 

The mvmtion is iuiShef illimSStea ffic follbwihg ik)ii4iim Exainples.. 

E^PiMPLEl 

Blectiodeposiflon of platinum fi^om an hexagonal liquid crrstalliae phase: 

3 grams of octaethyl^e glycol monohexadecyl eth^ (CieEOg) smfactant were 
1 5 added to 2.0 giams of water and 2.0 giams of hexachloroplatinic acid hydrate in water. 
The mixturo was heated and shaken vigorous^ until a homogeneous noixtuie was 
obtained Electrodeposition from this mixtuie was camed out at temperatures between 
25°C and SS'^C onto a 0 .000314 centimetre squared polished gold electrode by stepping 
the potential fiom 40.6 volt vs. standard calomel electrode to -0.1 volt vs.. standard 
20 calomel electrode until a redaction chaige of 2 milhcoulomb was passed. The 
sur&ctant was removed by rinsing with distilled water. A fihn having a metallic 
stractuie was obtained, which upon examination by tiansmission electron microscopy 
was found to have an hexagonal di^osition of porK with internal diameters of 25A 
(+1..5A) separated by metal walls of 25A (dbZA) width. 



25 
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EXAMPLE 2 

Electr odeposition of platinum from an hexagonal liquid crystalline phase: 

The process of Example 1 was caiiied out using the shoiter-chain suifactant 
C12EO8 in place of CieBOg. The pore diameters as determined by TEM weie found to 



Electrodeposition of platinum fr om an hexagonal liquid ciystalline phase: 

The process of Example 1 was repeated using a quateinaiy mixture containing 
CieEOg and n-heptane in the molar ratio 2:1. As determined by TEM^ the poie 
40 diamete»were-fomKi-tobe^35A(±l:5A).. 



ElectxodeposMon of platinum from a cubic liquid crystalline phase: 

A mixtuie having normal topology cubic phase (indexing to the Ia3d space 
group) was piepaied from 27 wt% of an aqueous solution of hexachloroplatinic acid 

15 (33 wt% with respect to water) and 73 wt% of oct^thylene glycol monohexadecyl ethei 
(CieEOg) Electrodeposition onto polished gold electrodes was canied out 
potentiostatically at temperatures between 35*C n n^^ 42**C using a platinum gauze 
countei electtode. The cell potential dififeience was stepped fiom +0.6 V v^sus the 
standaid calomel electrode to -0 .1 V versus the standard calomel electrode imtil a 

20 charge of 0 8 miUicoulombs was passed After deposition the films w«e rinsed with 
copious amounts of deionised wat^ to remove the surfactant. Hie washed 
nanostructuied deposits were uniform and sfaiay in appearance. Transmission electron 
microscopy studies revealed a hig^y porous stmctuie consisting of a fhree-dimensional 
p^iodic network of cylindrical holes with internal diameters of 25A. 



5 bel7..5A(±2A). 



EXAMPLES 



EXAMPLE 4 



25 
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EXAMPLES 



Electnodepositioii of nickel fiom as hexagonal liquid crystallixie phase: 

A mixture having noimal topology hexagonal phase was prepared from 50 wt% 
of an aqueous solution of 0 2 M nickel (D) sulphate, 0. 58 M boric adi and 50 wt% of 
5 octaethylene glycol monohexadecyl ether (CieEOg). Electrodeposition onto polished 
gold electrodes was carried out potentiostaticaUy at 25**C using a platinum gauze 
coonterelectFode., The cell potential difference was stepped to -1 ..0 V vrasus the 
satmated calomel electrode until a change of 1 coulomb pei ceathnetre squaied was 
passed.. After deposition the films weie nnsed with copious amounts of deionised watei 
10 to remove the surfactant The washed nanostiuctured dq>osits weEe unifonn and sfai^ 
in ^peaiance.. Small ang^e X-iay dif&action studies of the electrodeposited tin revealed 
a lattice p^odidty of 58 A» while tEansmission electron microscopy studies revealed a 
highly porous structui e consisting of cylindrical holes with internal diameters of 34A 
sepaiated by nickel walls 28A thick:. 

15 EXAMPLE 6 

Depositions were carried out on gold plate electtodes at 25X at a deposition 
potential of -0 .1 V vs. SCE (stepped fiom +0 .6 V) fi-om an hexagonal liquid ciystalline 
phase consistittg of 2-Og H2O, 3.0g CieEOg and 2 Og hexachloroplatinic acid. Thickness 
data weie obtained by inspection of fractured sample using scanning electron 
20 microscopy. The lesults aie shown in Table 1 below: 



Charge density 
(C cm^) 


Film Thickness 
(mn) 


0.64 


92 


1.0 


277 


2,0 


517 


4.00 


744 


637 


1849 


21.98 


15455 



Table 1.. Relationship between charge density and nanostiuotured platinum film 

thicknesa. 
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Nanostmctut ed platinxmi films were deposited &om an hexagonal liquid 
aystalline phase consisting of 2 Og H2O, 3 Og CieBOg and 2.0g hexachloioplatinic acid. 
Depositions wae caiiied out on 0.2 mm diameter gold disc electrodes at a deposition 
potential of -0.1 V vs- SCE (stepped from +0 .6 V) . The charge passed was 6.37 C cm'". 
Data weie obtained jGcom cyclic voltammetzy in 2M sulphuric acid between potential 
limits -0,2 V and +1 2 V vs SCE- The Roughness Factor is defined as the suifece area 
deteimined from electrochemi(^ ei^cperiments divided by the geometric surface aiea of 
the electrode. The results are shown in Table 2 below: 



Temperature 
CO 


Roughness 
Factor 


Capacitance 


25 


305 


25510 


_ ... .35.. 


-379 - 


29936 


40 


457 


37580 


50 


517 


40127 


65 


540 


45541 


75 


581 


55733 


85 


711 


63376 



Table 2.. EJOTect of temperature on Roughness Factor and double kyei capacitance. 

EXAMPLE S 

Nanostructmed platinum fihns weie deposited from an hexagonal liquid 
ciystalline phase consisting of 2..0g H20, 3..0g Ci6EOg and 2 Og hexacMoroplatimc acid. 
Depositions were carried out on 0. 2 mm diameter gold disc electrodes at a deposition 
potential indicated (stepped from +0 6 V). The chaige passed was 6.37 C cm'^.. Data 
were obtained from cyclic voltammetty in 2M su^hmic acid between pot^tial limits 
-0-2 V and +1 .2 V vs., SCE. The lesults are shown in Table 3 below: 
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Roughness 


Capacitaiice 

CIu ) 


-K).l 


34 


4086 


0.0 


86 


9268 


-0.1 


261 


26105 


-0.2 


638 


66783 


-0.3 


35 


3924 


-0.4 


24 


2250 



Table 3. Effect of depc^tion potential on Roughness Factor and double layei 

capacitance. 

Discussion oi Examples 1 to 8; 

Hie data in Examples 1 to 3 show bow pore diametet can be controlled by 
variation of tbe cbam len^ of tite srnfi^ or by fi]i&^ add^^ of a hydrophobic 
hydrocarbon additive. SpeciBcally, a compatison of Example I with Example 2 
detnonstEates that the poie size may be decreased by using a shorter-chain suiiactant, 
whereas comparison of Exarrrple 1 with Example 3 shows that the pore size may be 
increased by the addition of a hydrocarbon additive to the deposition mixture. 

Example 6 demonstrates how the tiiickness of the deposited fifan may be 
controlled by varying the charge passed during electrodq[>osition. 

Examples 7 and 8 show how the temperatme and applied potential during 
electiodeposition affect the sur&ce area and the double layei capacitance of the film. 
As lEidicated by the Rou^mess Factor values, increasing the deposition temp^atme 
uioreases both the smface area and the double layer c^acitance of the Sim. At the 
same lime, the depodtion potential may be 50 selected as to control the sur&ce area and 
capacitance of the deposited film- 1 
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EXAMPLE 9 

Preparation of mesopot oas nidkd and mesopoi ous palladium electrodes: 
(0 Pr eparation of gold substiate: 

Gold discs (200 pm or 1 mm diametec) encased in an ^o3cy insulator, and thin 
fiam gold electiodes (approximately 1 tan^ made by evapoiBtion of gold onto 
chromiiun-coated glass micioscope slides^ were prepar ed as follows, foi subsequent 
deposition of mesopoious nickel and palladium electrodes: 

Hie gold disc electrodes wctb cleaned by first polishing consecutively on 25 jjm, 
1 iLun and 0.3 ^on alumina (obtained ftom Buehler) embedded microcloths then cycling 
the electrodes between —0.6 V and 1.4 V vs. a saturated mercury sulphate reference 
electrode (SMSE) at 200 mVs'^ for 5 min. in 2 M H2SO4 solution. With each, cycle, a 
monolayei of gold oxide was formed and subsequently removed fiom the electrode 
surface. 

The evaporated gold electrodes w^e cleaned in an ultrasonic bath of 
isopropanol fei 60 minutes prior to deposition, then rinsed with de-ionized water and 
dried under ambi^ conditions.. 

(iO Electr odeposition of nickel from an hexagonal liquid crystalline pbase: 

A mixture having normal topology hexagonal (HO phase was prepared from 
55 wt% of an aqueous solution of 0.2 M nickel (H) acetate, 0 .5 M sodium acetate and 
02 Mboric acid, and 65 wt% of Brij® 56 nonionio surfactant (Ci6EO„ whaein n-10, 
fiom Aldrich)^ and electrodeposition onto polished gold substrate was carried out 
potentiostatically at 25*C using a platinum gauze counterelectrode, according to the 
method disclosed in Nelson et al., Chent Mat^ 2002, J4, 524-529. After deposition 
the films were washed in copious amounts of isopropanol for 24 his to r emove the 
smfactant. A mesoporous nickel film of approximately 1 micrometer thickness and 
haviag an hexagonal arrangement of pores was obtained.. 
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(lii) Electrodeposition of palladium from an hexagonal liquid crystalline pbase: 

A mixtme liaving noimal topology hexagonal (H|) phase was prepared fiom 
35 wt% of an aqueous sol^on of 0.5 M ammonium tetrachloiopalladate (Pranion, 
jfrom Alfe Aesai), and 65 wt% of Brij® 56 nonionic surfectant (QeBOn wherein n- 10, 
5 fromAldrich). The piesenceofthe Hi liquid raystalline phase in ih^ 

deposition template solution at 25 was conJSmied using polaiising ligjtf micat>scopy. 
Electrodeposition onto polished gold substrate was carried out potentiostatically at 25^ 
usmg a platinum gauze countenelectiode^ according to the electrodeposition mediod 
disclosed in Bartlett et al, , Phys. Chem. Chem. Phys., 2002, 4, 3835-3842, using ttie 
10 modified templating solution above.. After dq)osition the films were washed in copious 
amounts of isopropanol foi 24 hrs to lemove the smfectant. A mesopoious palladium 
film of approximately 1 micromet^ thickness and having an hexagonal anangement of 
poies was obtained. 

QiV) Actuation oi electz odeposited mesopoious Ni and Pd electrodes: 

15 Hie deposited mesoporous electrodes, as prepared in (ii) and (iii) above, were 

individually actuated by cyclic voltarmnetry prior to assembly of the sap^apacitor. 
This was done in a three electzode cell containing 6 M KOH solution The cell 
consisted of a Pyrex wat^-jacketed cell connected to a Grant ZD themiostated watei: 
bath, meroury/mercury oxide (6 M KOH) referee electrode (Hg/HgO) and a large area 

20 Pt gauze counts electrode. All e3q>eiiments were caiiied out at 25 °C and potentials in 
experiments involving a lefetmce electrode aie quoted against the Hg^gO lefeience. 

The efficiency of the mesoporous nickel deposition process was quantified by 
anodic stripping voltammetry. This involved scanning the potential of a mesoporous 
nick^ working electi-ode between -0 .45 V and 0-9 V vs . a saturated calomel leferaice 
25 electrode (SCE) in 0. 2 M HCl solution at 1 mV s'^ The counta electrode was Pt gauze.. 
The char ge associated with the anodic nickel dissolution peak and comx>ari$on of this 
charge with the deposition charge gave a deposition efiSciency of 34 %. 
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CycKc voltanmetry and potesxtial step ©jqpeiiments wer-e done using a custom 
.made potentiostat and lamp gen^ator interfaced vn(h a National lastiuments data 
acquisition caid and Lab VIEW software. 

In order to compar e the electrochemical characteristics of mesoporous Ni and 
mesoporous Pd, the cyclic voltammograms of both of these electrodes in 6 M KOH are 
oveilaid in Figme 2. The anodic peak for Ni at 0 .38 V vs. Hg/HgO shows oxidation of 
Ni(OH)2 to NiOOH via Reaction (1) with subsequent reduction back to Ni(OH)2 
represented by the ca&odic peak commencing at 0. 4 V. The lattei peak lepresents the 
proton stoiage capacity of the electrode, that is, the reversible capacity of the electrode 
for proton stoiage.. In Figure 2, this is 295 mC cm"^. 

The electiochemistiy of Hi Pd in 6 M KOH is more diverse with anodic currents 
due to oxide formation at positive potentials and subsequent stripping of this oxide vrflh- 
the cafhodic peak at -025 V. Adsoiption of hydrogen adatoms onto thePd surface by 
formation of the surface palladium hydride is indicated by the small cathodic peak at 
around -0.75 V followed by the more substantial hydiogen absorption into the Pd lattice 
indicated by the large current siq)eiimposed on the hydrogen evolution cuirmt at 
potentials below -1 V . On reversal of poteaatial in the positive direction hydrogen 
begins to desorb fiom the Pd as represented by the large anodic peak commencing at 
-0 .8 V and peaking at -0. 36 V.. Based on comparison of the voltammetry of 
mesoporous Ni and mesoporous Pd, it may be expected that a char ge storage device 
using these 2 electrodes would have a dischaige voltage of ^it>ximately 1. 2 V since 
this is approximately the potential difference between the onset of H'*' desorption ftom 
Pd (-0,.8 V vs . Hg^gO) and the mteicalation of ET into NiOOH (0-4 V vs- Hg/HgO).. 
This discharge voltage is variable with the state of charge of the Pd which can vary 
between -0 .8 V vs.. Hg/HgO for a fully charged electiode to -0.3 V vs. Hg/HgO where 
thePd is fully discharged of hydrogei at 20 mV s"*^. 

(v) Assembly and testing of chai ge/discharge char acter istics of super capacitoi : 



30 



Jn order to study the peifoimance and hznitations of mesoporous nickel in a 
supetc^acitor configuratiorx, a negative electrode with hig}i^ opacity and power 
capability was needed. For this pmpose, liquid crystal templated niesopor ous 
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palladitmi^ as prepared in Oii) above, was used. The size ofthe mesoporous palladium 
electrode was made significajofly larger than the m^oporous nickel electiode such that 
perfoimance limitations would be due to limitetions in ib& nickel electiode . 

AccoidiDgly, a two-electrode si^eicapacitor wifhout a separator was assembled 
S using a 200 {im diameter mesoporous nickel positive electi ode of approximately I paai 
thickness in conjunction with a 1 cm^ mesoporous palladium electrode sepaiated by 1 
cm in 6 M KOH solutiaa. The deposition chai ge in synthesis of the mesoporous nickel 
in this case» as prepared in (ii) above, was -1 .13 mC, v^ch corresponds to a mass of 
0.117 )xg when taking into account a d^osition efficiency of 34 

10 Figure 3 shows the cycUc voltammogiam ofthe two-electcode supeicapacitor 

cycled in the potential range 0 V to 1.3 V. At ^proximately 1^2 V the device is 



structure reforming Ni(OH)2 as indicated by the cathodic peak. The discharge current in 



The shape ofthe voltammogram of Figure 3 more closely resembles that of a 
battCTy than a supercapacitoi'. Here, as is more cleatly illustrated in Figure 4, the 
majority of the chaige on disohaige is passed above 1.18 V.. 

In Older to determine how fast tiie suporc^acitor could be charged and 
20 discharged the potential ofthe device was stepped between 0 V (discharged state) and 
1.3 V (char ged state) and the current response measur ed at 2 5 X. Figure 5 shows a 
single charge/discharge step sequence. Dining the anodic spike 800 mC cm"^ of charge 
is passed. Discharge ofthe device is r^resented by the large cathodic spiks with a 
maximum amplitude of 50 A cm*^ as protons move into the NiOOIl. Here, 
25 276 mC cm'^ is passed during the discharge step, 222 mC cm*^ (7 x 10"^ C over the 
200 ym diameter or 166 mAJa g'^) of which is passed hi the &st 50 ms.. 

(vQ Assembly and testing of cycle life of supei capacitor: 




1 5 this 20 mV s"* cycle peaks at 67 mA cm"^ and the total charge passed is 257 mC cm"^ . 



Ih ordet to examine cycle life, a superc^acitor was assembled in a configuration 
consistmg of mesoporous nickel and palladium electrodes, as pr^ared in (ii) and (iii) 
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above, deposited onto 1 cm^ ev^>oiated gold substi ates, the mesopoious Ni and 
mesoporons Pd electrodes bdng scpaiated by a 6 M KOH filled potous PTFE 
membiane . The cyclability of the nickel-palladium siQ>eticapacitoi was investigaCed by 
continuoxisly cycling the device at 500 mV s'* in the potmtLal range 0 V to 1.2 V,. All 
peilbxniance data are qnoted in units with respect to the mass or geometric area of the 
mdkel electrode.. 

As ilhistrated in Figure 6, the shapo of the voltammogram is consideiably 
different to that pres^ted in Figure 3.. The peaks ate considerably bioader and ate 
separated by appioximately 0 5 V as opposed to only 0.07 V in Figure 3 This is due to 
a combination of the IR limitation imposed on the cell with tiie intioduction of the 
porous sepaiator and the slow electrochemical response of tiie Pd, the capacity of which 
was not significantly laiger than that of the lSfi(OH)2 electrode in tins configuiation. 
Figuie 6 compareis the first full 4.8 s cycle with the iSOOOth. The similar fixtna of 
voltanunogram shows that the electrode has not deteriorated significantly during 
cycling. A sblfi in peak potentials towards lower values is beheved to be due to oxygen 
ingress, decreasing the average hydrogen conteot of the palladium electrode and 
therefore increasing the potential of the negative electrode. An increase in the charge 
per cycle is believed to be due to thick^oing of the oxide layer during cycling.. 

This result has two iiriplications. The first is that the mesoporous electrodes 
seem to resist the decrepitation on cycling that is associs^ed with edacity decay in other 
supercapacitoi and battery systems that utilize insertion processes. Thus, a utrijform 
monolithic stmcture such as that illustrated in Figure 7 appears to withstand the strain of 
volume expansion and contraction better tihan those consisting of an aggregation of 
sintered particles of non-uniform size distributiorL 

The second implication addr esses the fact that not only does the mesoporous Ni 
electrode capacity resist decay, but actually increases with cycling. This effect is 
rationalized by understanding that in 6 M KOH under potential cycling conditions the 
amount of Ni{OH)2 in a Ni electrode can increase with time as more of the Ni base 
metal is oxidized. In effect this increases the amount of active material in ttie electrode 
and hence the capacity.. A mnoaber of groups have pr eviously shown that the edacity of 
an electrodeposited Ni electrode maybe increased by up to 30 times by application of 



wo 2004/054016 ^ ^T/GB2003/005442 

the appiopiiate cycling Conditions in alkaline solution, Hane, such a laige increase in 
capaaty is not cacpected in the presratt anrangemesnt, since during initial cycling already 
45 % by mass of "liie electtode mateaiial is utilised. La any case, a laige increase in 
«q)acity ccoiesponding to con^Iete conwasion of the M base metal to the dectricalty 
5 non-conducting Ni(OH)2 would be undeaiable since this would destroy flie continuous 
path of Ni metal in the mesopoious electrode which provides dectiocal candactivity 
and acts as a nanoscale cunmt collector (see Figpie 7). 

EXAMPLE XO 

Pr epar ation of a nanostnictured niclceT hydt oxide/carbon supercapacitor. 
10 (0 Prqparatfon of nickel substr^: 

Nidcel fell (1 0 pm thick) was obtairied from Johiison Matthey and was preparied 
as follows, for subsequent deposition of mesoporous mckel. 

Hie nickel foil electrodes (4 cm^) were cleaned in an ultrasonic batii of 
isopropanol for 1 5 minutes prior to deposition, and were then rinsed wifli de-ionized 
15 watei' and dried under ambient conditions. 

(iQ Electrodeposidon of nickd from an bexagonal Mqnid crystaliine phase: 

A mixture havii^ normal topology hexagonal (Hd pb^se was prepared fiom 
45 wt% of an aqueous solution of 0^ M nickel (D) acetate, OS M sodium acetate and 
0.2 M boric acid, and 55 wt% of Brij 56 (Brij is a trade mark) nonionic surfactant 

20 (CieEOn whaan a- 10, fiom AldricSi) Electiodeposition onto tiie nickel foil substrate 
was canied out potentiostatically at -0 .9 V ws. a saturated calomel electrode and at 25'*C 
iisii^g aplatinum gauze counterelectrode, according to the me&od disclosed by Nelson 
et al.y Chem. Mater., 2002, J 4, 524-529. After depoation, tbo films were washed in 
copious amounts of isopropanol for 24 hours to iranove the suifactanL A mesoporous 

25 nickdL film of ajjproximately 1 micrometa thickness was obtained. 
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(iii) Fabiicafion of a higb surface area carbon electrode 

Jffigh smface area caibon electrodes were made by mixing 90 wt,% Norit Ultra 
carbon (1200 g 5 wt % polyt^afiuoioefliylene (PTFE), 2. 5 wt. % acetylene 
black (100% compressed) and 2. 5 wL % Stqjerior gr^hite witb a pestle and mortal- 
5 The paste was then niannallyiDUed into a sheet using a Di^ 

(film thickness 50-65 |im). A layer of gold (0.5 mg cm*^ ^loxiznatBly 100 mn thick) 
was th«i evaporated onto tiie carbon films to iznprove conductivity of the films. The 
high sui&ce area caibon electrodes had a capacity of 70-100 F g'^ and a mass of 0 .45 

-2 

xngcnL . 

10 (iv) Aeration of the Ni and carbon electr odes: 

Cyclic yoltamnietiy expeiimenis were carried out usiog a Solaitron 1287 
Electrochemical interfiace and Corrwaie software and potential step experiments weie 
done using a custom made potentiostat and ramp generator- interfaced with a National 
Instniments data acquisition card and LabVDEW soflware. 

15 In atdsx to compaze the electrochemical charactetisttcs of mesopoious Ni and 

hi^ soz&ce area carbon, cyclic voltammogxams of both t3^es of electr ode in 6 M KOH 
are sihown in Figures 8 and 9 respectively. The anodic peak for Ni at 0.46 V 
HgflHgO shows oxidation of lSli(OH52 to NiOOH via Reaction (1) with subsequent 
reduction back to Ni(OH)2 represented by the cathodic peak at 032 V. The presence of 

20 ]>B(OH)2 is assumed to be due to oxidation of the under lying rrickel during preparation, 
storage and subsequent cycling or conditioning. The latter peak represents the proton 
storage capacity of the electrode, that is, the reversible capacity of the electrode for 
proton storage. In Figme 9, this is 104 mC cm*^ at 20 mV s ^ between 0.6 V and -0.5 V 
v^.. Hg'HgO.. 

25 The electtochemistry of the high surface carbon electrode in 6 M KOH is typical 

of pure double layer behaviour- and does not exhibit any faradaic electrochemistry. The 
useful potential window of the caibon electrode in 6 M KOH is only limited by the 
decorz9K)sition of the solvCTt with hydrogoa evolution at the negative limit and oxygen 
evolution at fire positive Hmit. Based on comparison of the voitammetry of mesopoious 
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Ni and high sor&ce aiea oarboii, it may be expected that a chai:ge storage device using 
these 2 electrodes would have a discharge voltage of approximately 1. 4 V since fliis is 



carbon electrode ( - 1 .0 V vs. Hg/HgO) aud fhe inteicalation of H* into NiOOH (0.4 V . 
Hg/HgO). 

(v) Assembly and testing of charge/discharge char acteristics of supercapacitor: 

In order to study the performance and Kmitations of mesoporous nickel in a 
supercapacitor condSguration, a negative electrode with highei capacity and pow«* 
c^ability was needed For this purpose, a high surfece aiea carbon film, as prepared in 
(iii) above, was used The charge storage capability of the high surfece area carbon 
electtode was made significantly larg^ than the mesoporous nicked electiode such that 
peifonnance limitations would be due to limitatioiis in fhe nickel electiode.. 

Accoidingly, a two-electrode siq)ercapacitor with a separator (Celgard^ 
polypropylene, 25 jim, 2.75 mg cm"^ was assembled using a double sided 4 cm^ (8 cm^ 
active area) mesoporous nickel positive electrode (pxep^red as in (ii) above) with 
appioximately 12 ^un thickness (including 10 ^m thickness of foil cun ent collector) in 
conjunction with two 4 cm^ high surfece area carbon electrodes (prepared as in (iii) 
above) on eithei side of the nickel electrode separated in each case by a 25 pm Celgard 
separator m 6 M KOH solution. The depoaticm charge in synthesis of the mesoporous 
nickel in this case, as prepared in (ii) above, was -3. 9 C cm"\ which corresponds to a 
mass of 39.4 mg fbi the nickel sample including the foil substrate and when taking into 
account a deposition efficiency of 50 %• The total mass of the two carbon electrode 
was 28.5 mg and fhe separators was 25 .8 mg, thezefore the total mass of fhe dry 
cs^acrtor was 9.3 7 mg. 

The potential of the newly prepared super capacitor was cycled in the 2 electtode 
set-up betwcCTi 0 V and L5 V at 5 mV s'^ until fhe voltammetric response of the 
capacitor was stable, at this point the charge storage capacities of the carbon and nickel 
electrodes were considered to be in balance. It was not necessary to charge the positive 
and negative electrodes separately.. Figure 10 shows fhe cyclic voltammogiam of the 
two-electrode si:Q)ercapacitor cycled in fhe potratial range 0 V to 1 .5 V aftei it had 



q)proximately the potential difference between fhe onset of hydrogen evolution at fhe 
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become stable.. At appioxiinately 1.35 V the device is chaiged, conesponding to the 



protons move into the NiOOH structure refoiming >E(0H)2 as iadicated by the cathodic 
peak. The discharge wnrent in this 5 mV s'^ cycle peaks at 1.3 mA cm'^ and the total 
reduction charge passed is 1 33 mC cm"^ 

The shape of the voltammogram of Figur e 1 0 moie closely resembles that of a 
batteiy than a supercapacitoi . Here, as is more clearly illustrated in Figure 11, the 
majority of the chai^ on dischaige is passed above 0.9 V vs. Hg/HgO.. 

In ord^ to detemiine how fast the supercapacitoi could be charged and 
dischar ged the potential of the device was stepped between 0 V (dischai ged state) and 
1.4 V (chaiged state) and the cmrent lesponse measured at 25°C. Figure 12 shows a 
single charge/discharge step sequence. During the anodic spike, 105 mC em"^ of charge 
is passed in 3 seconds. Dischaige of the device is represented by the large cathodic 
spike as protons move into the NiOOH Here, 95 mC cm'^ is passed dming the 
discharge step, 51 mC cm^^ of which is passed in the first 100 ms- 



For the mesoporous nickel films, nickel foil (10 ixm thick, 4 cm^) was obtained 
fix>m Johnson Matlhey and was piepaied as follows, foi subsequent deposition of 
mesoporous nickel 

For the ntm films, nickel foil (Goodfellow^ 10 pm, 2 cm^) was prepared as 
follows fot the subsequent deposition of mesoporous uoa. 



removal of protons finom the Ni(OH)2 and foimation of JSTiOOH Dischaige occurs as 



EXAMPLE 11 



Prepai atidn of a nanosttuctaied nickel / Iron supei xrapaditoi v 



Pi epar ation of nickel substrates: 



The nickel foil substr ates weie cleaned in an ultrasound bath of isopropanol for 
15 minutes prioi to d^osttion, and then rinsed in de-ionised wat^ and diied under 
ambient conditions. 
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(fi) Electrod^osition of nickd hom an heza^nal liquid crystalline phase: 

A mixtme having noimal topology hexagonal (HO phase was prepared fi om 
45 wt% of an aqueous solution of 0.2 M nickel (II) acetate, 0.5 M sodium acetate and 
0 .2 M boric add, and 55 wt% of Brij 56 CBrij is a trade mads) nonibnic srirfactant 

5 (CieBOn wherein n-10, fiom Aldiich). Electrodepoation onto the nickel foil substrate 
was canied out potentiostatically at -0.9 V vs: a satmated catomel electrode and at 25*C 
using a platinum gauze countetelecttode, accoiding to the method disclosed by Nelson 
et aZ , Chem. Mater., 2002, 14, 524-529. The total deposition chaigp was 2.0 C. Afta 
deposition, flie jShns were wadied in copious amounts of isopropanol for 24 hrs to 

10 remove the siar&ctant. 

(iii) Electrodeposition of iron from a hexagonal liquid crystalline phase: 

A mixture having normal topology hexagonal (H.i) phase was prepared Scorn a 
deoxygenated, 40 wt.% of aqueous solution of 0 .2 M iion (IT) sulphate and 60 wt % Brij 
56 nomonic surfactant (CigEOo wherein 10, Aldrich). Electrodeposition onto a nickel 

15 foil subslrate (2 cm^ in area) was canied out potentiostaticaUy at -0 .9 V vs. a saturated 
calomel electrode and at 25 "'C using a platinum gauze connterelectrode After passing 
0.2 mAh of char ge, the fihn was removed fix>m the deposition mixture under ca&odic 
protection by attaching the fihns to zinc foil immediately prior to the fihns being 
isolated fiom the deposition potential. The fihn, together with the zmc foil, was washed 

20 in copious amounts of deoxygenated acetone fiir 1 hour to ranove the surfectant 

Qv) Examination of the iron electr ode: 

After washing, the iron electrode was immersed in 6 M aqueous KOH and the 
zinc was disconnected.. The open circuit potesalial was measured and foraid to be I.IV 
VCTSUs a charged nanostructoredNiOOHdectrode. Cyclic voltammetry experiments 
25 w«re carried out usmg a Solaitron 1287 Electrochranical interfece and Conware 
software. 



A cyclic voltammogram of the iron electrode in 6 M KOH was performed at 20 
mVs"' aadtheresuJtissihowninFigurelS. Th^ shows an anodic peak at -1.0 V vs. 
HgflHgOandacafhodicpeakat-1.1 V. The total charge passed between -l.OV and- 
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25 

0 .3 V in the anodic peak was X7 mC. The cafliodic charge passed between -03 V and 
the interfeieaice of hydrogen evolution at -1.15V was 25 mC as shown inFigme 14. 

(v) Assembly and testing of charge/dischar ge characteristics of the 
super capadtot*; 

The iion and nickel electrodes prepared as described above were immersed into 
a 6M solution of KOH. The <^en circuit potential was measured and found to be 1.1 V. 
The two electrodes and the solution thus constituted our capacitor for cycling t^s. 

The potential of the newly prepared capacitor was cycled between 0 V and 1.4 V 
at 5 mV s"^ . Figure 15 shows Ihe cyclic voltammogiam of the two-electrodc 
superc^acitor. The discharge, plotted as a negative current, shows a broad peak around 
1 . 1 V with a peak current of 0 . 1 5 mA.. The total charge stcr ed was found by integration 
of the voiiaimroog^^ 16 to be 12 mC 
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(XAIMSs j 

1. A port ibte electronic device contaiDingaaelec^^ 

a positive eledtrode, a negative electrode and an eleotrolyte. diatactaised in ^ at least 
Hie positive el sctrode comprises amesoporcnis stiuctiire having aperiodic ai^ganiait 
of subrtaatiidlyunifcnnly sized pores of ciDsa-section of theory tojir m. 

2. A port aUB clBCttoflJUD dovice accoiding to any pieceding claim, wlieiepi tiis 
meaoporo«s s luotiire of the ponliv© ©fectrode is fbnned of a material gelectea fiom a 
metaU a meta ojdde, a metal hydtoxiiae or a oombiBalion of any two or moi^of tbeae. 

3 . A pon Ale eleetronio dovice Eu^cordixig to axxy paceceding ciajso^ vwhoi^ ^le 
me^opoxoas s tnictare of liw positive rfectiode comj^s a nlatal aod a metal o»d© or 
hydroxide sa A metal omde ot hydroxide fijimmg a surfeee layer over said 4^ 
93£teDdb]S ov^i IT at leB3t the pate sux&ces. 

4. A por able deouonic device according to say preceding claim, ^^^rein tiao 
mesoporous s tnictnre of the posltivB dectfode conqaises a metel selected &c m: nidselj 
alloya of aids eL mcludbig alloys with a tianBitian metal, nic^l/cobalt alloys and 
irooMckel al uysi cobalt; piatinnm; x»illadiumi and lufiLenium. 

5. A poilableelectixmie device aixorfing to any preceding cl^^ 
mesoporons i tnictare of the positiye electrode compiiBes a metal oxide, hydi oxide or 
oxy-hydroxi( e selected ftom: gold oxide; paHadium oxide; nicfad oxide Qw); mdEsl 
hydroxide Q< KOBhX nickel oxy-hydjoxids (NiOOH) and nflheaium oride. 

fi. A poj table electronic device according to any pareceding claim, wherein the 
mesopCTous rtnicturehas apore diametWTvithm the lang^ from 1 to 10 ma,iprefeafaly 
fiom2«0toS.0 mix. {i 
7. A pra table electronic device according to any preceding clazio, ^^4ier sin flis 
mesoporous structure has a pore nnmbcr density rf ton 4xl0" to 3x1 0 p^res pa 
cm^ pieferai fly from 1x10^ to IxlO*' pores per czn^ | 
8« A po lable electronic dcrvice aocordii!g to ax^ pzeceding claim, vdiQ^in st least 
85 % of ^ jores in the mesoporons structure have pore diametm to vntfaii^SO 
preferably ifliia 10%, more preferably withzii 5 of the average pore 
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electronic device accarding to any preceding claini, wherei^i the 
slJacbm has ahBxagcmalairBCgemeat of pore3 that aie coiilinua4s thiou^ 
fiie^kefrode. j 

dectronic dsvlte acoorfinglD claim 9, ^sdierdn to hescagoM 
porBstosapoieperlodicityofiatorai|gcfom5to9m^ | 

electronic device according to any preceding claim, vAetelai the 
comprises amssoponras mucture having a periodic anant 
sof doss-sectioaofflieoiderof la^'to 10 

lectronic device according to any preceding claim, whereiii As 
s(mirture is a film havii® a thiclmess in th» range fic^ 



Aport b!e 



A portable 
elect] ode 



lubstsntially \Jaifi5xmly sized pores 



\ elect rode 



A pombl< 



14 

negative e 

15, A 
mesoporoua 

oroxy- 
or 

pore Siur&cei . 
palladium. 

Apoitabli 
mesoporous structure 



-hydroxide 



oro2cy-J 

or hydtoxidi^ forming 
pore surface 3, 



poti able elccttonic device according to any preceding daiik, when^ the 
oonrpriBBg a meterial selected ftom: caAon; cadmium; h 
afloy; an tonmtanium alloy; paUacfium; and tiie mixed metal hydride 



of 



m. 



wherein the 



; Giaxm» Tvherein the 



© electronic device aecordmglo any preceding olahn, 
compriaes amatarial selected ftom carbon and palladinm 

ie eleotranic device according to any preceding 
i toKtme of the positive electrode comprises nickel and an 

selected fiummNiCOI?)zandNiOOH, saidn|*rf 
a surfece layer over said nickel and esstending' over at 
, and the negativ© electrode has a mesoporons sttuctnre 



lec rode 

^mtabli 
lusstnu 
hydro dde of nickel i 
hy dro^dde ferming 



oxide, hydtoxide 



^ of carton 



osdde 
east the 
or 



B electronic device according to any piwedmg claim. T?Ae^to 

of fte positive electrode comprises nickel and an ojd^, hydroxide 
ofnickel selected from KiO,>a(OH)2 and r^OOH, said nickel oxide 



a surface layer over said nickel and extendmg over a^east the 



!, end the negathfe electrode comprises nanopartlcuialB carbon-i 
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17. A pratj tie electionio dsvicB according to any precedii^ claan, v&ereiii the cell 



b constnicted 



beSHay/sapsxc qpasitra. 



to fiinctioa as a battery, as a snpracapacitor or as a ccaabined 
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